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Edited by Takashi GojoboriAbstract Telomeric chromatin has peculiar features with
respect to bulk chromatin, which are not fully clariﬁed to date.
Nucleosomal arrays, reconstituted on fragments of human
telomeric DNA and on tandemly repeated tetramers of 5S
rDNA, have been investigated at single-molecule level by atomic
force microscopy and Monte Carlo simulations. A satisfactory
correlation emerges between experimental and theoretical inter-
nucleosomal distance distributions. However, in the case of
telomeric nucleosomal arrays containing two nucleosomes, we
found signiﬁcant diﬀerences. Our results show that sequence
features of DNA are signiﬁcant in the basic chromatin organi-
zation, but are not the only determinant.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The organization of telomeric chromatin is characterized by
peculiar features with respect to bulk chromatin, such as the
unusually short nucleosome spacing [1] and the reduced stoi-
chiometric ratio between the linker histone and the histone
octamer [2]. Telomeric DNAs are straight, since they consist
mostly of 6–8 base pairs (bp) tandem repeats, therefore out of
phase with respect to the B-DNA periodicity [3]. Due to their
peculiar DNA sequence feature, we previously found that
telomeric nucleosomes are characterized by the highest free
energy of nucleosome formation with respect to all biological
and synthetic DNAs studied so far [4]. Furthermore, we found
that telomeric nucleosomes occupy isoenergetic positions
having the periodicity of the telomere repeat [5]. Both nucle-
osome features (thermodynamic stability and lack of rota-
tionally phased positioning) can be satisfactorily predicted
from their DNA sequences by the theoretical method we have
recently developed [6,7]. On the contrary, 5S rDNA represents
a well-known nucleosome-positioning sequence, characterized* Corresponding author. Fax: +39-06-444-0812.
E-mail address: Maria.Savino@uniroma1.it (M. Savino).
Abbreviations: AFM, atomic force microscopy; SPD-mica, spermidine-
treated mica; bp, base pair
0014-5793/$22.00  2004 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2004.04.032by a nucleosome main position embedded in a set of rota-
tionally phased minor positions [8].
In this paper, we study the sequence-dependent basic fea-
tures of telomeric chromatin organization by atomic force
microscopy (AFM) imaging. We have taken advantage of
AFM capability to investigate a complex system at single-
molecule level. Nucleosomal arrays were reconstituted on hu-
man telomeric DNA fragments containing (TTAGGG)135
repeats (H-Tel135) and compared with those reconstituted on
tetramers of 5S rDNA (5S-2084), having the same length. The
internucleosomal distances of subsaturated nucleosomal ar-
rays, containing two, three and four nucleosomes, respectively,
were measured. The important role of DNA sequence in the
organization of nucleosomal arrays emerges from the satis-
factory correlation between the experimental and theoretical
distance distributions, the latter obtained by Monte Carlo
simulations. However, in the case of telomeric arrays con-
taining two nucleosomes, we found signiﬁcant diﬀerences be-
tween the experimental behavior and the theoretical
prediction. This ﬁnding suggests that factors, diﬀerent from
sequence-dependent nucleosome positioning, could be in-
volved in the chromatin basic organization.2. Materials and methods
2.1. DNA fragments
The 5S-2084 was prepared by partially digesting the plasmid
pPOL208.12 with AvaI [9], containing 12 copies of 5S rDNA from
Lytechinus variegatus (a gift from R. Sendra). The DNA fragments
corresponding to the 5S-2084 were gel extracted and cloned in the
EcoRV site of pSTBlue1 after ﬁlling in protruding ends. 5S-2084 was
puriﬁed by gel extraction after plasmid digestion with HindIII and
BamHI.
The H-Tel135 was excised from the plasmid pSXneo [10] (a gift from
H. Cook) by BamHI and BglII double digestion and puriﬁed by gel
extraction.
2.2. Histone octamer preparation
H1–H5 stripped chromatin was prepared from chicken erythrocytes
nuclei. Puriﬁed histone octamers were obtained from polynucleosomes
by hydroxyapatite chromatography, as previously described [4].
2.3. Nucleosomal arrays reconstitution
Oligonucleosomes were reconstituted onto H-Tel135 and 5S-2084 by
salt dilution method at room temperature [11], using a 1:1 weight ratio
of DNA to puriﬁed histone octamer. Samples at 1.0 M NaCl were
incubated for 30 min at 25 C and then diluted to 0.1 M NaCl by
adding 10 mM Tris–HCl (pH 7.5) by ﬁve dilution steps (at 20 minblished by Elsevier B.V. All rights reserved.
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samples were ﬁxed by dialysis with 0.1% glutaraldehyde in 10 mM
Tris–HCl (pH 7.5); 1 mM EDTA for 3 h at 4 C. Excess of glutaral-
dehyde was removed by a ﬁnal dialysis for 16 h against 10 mM Tris–
HCl (pH 7.5), 1 mM EDTA at 4 C.
2.4. Sample preparation for AFM imaging
Immediately prior to loading the sample on mica surface, re-
constituted oligonucleosomes solutions were approximately diluted
10-fold on ice. 20 ll of the sample (DNA concentration 24 lg/ml)
in 10 mM Tris–HCl (pH 7.5) and 1 mM EDTA was applied on
spermidine-treated mica (SPD-mica), obtained according to Sato
et al. [12], for 3 min, rinsed with deionizated water and dried with
nitrogen.
2.5. AFM imaging
AFM images were taken with a MultiMode SPM instrument
Nanoscope Digital III A, equipped with E-scanner (Digital Instruments
Inc., Santa Barbara, CA), operating in tapping mode using canonical
sharp silicon tips. AFM images of nucleosomal arrays were converted
from Nanoscope format into TIF ﬁles and the internucleosomal (cen-
ter-to-center) distance measurements were made using SigmaScan Pro
software (SPSS Inc., Chicago, IL). Internucleosomal distances of
molecules containing two, three, and four nucleosomes, respectively,
were measured. For each class, about 60–200 molecules were examined
in each of the three independent experiments. Distance distributions
were reported as histograms with bin size of 7.5 nm (about 22 bp), a
value representative of AFM resolution power. Errors on bin heights
were evaluated as the square root of the number of counts [13].Fig. 1. AFM images of nucleosomal arrays and the relative histograms of i
100 nm.2.6. Theoretical modeling
Nucleosome distribution along DNA sequences was evaluated by
means of Monte Carlo simulations. Starting DNA structures were
generated by evaluating the local intrinsic curvature and twisting
angles by means of Webdna program [14,15]. Nucleosomes were
generated imposing the correct curvature on 145 bp DNA tracts,
which form a superhelix with a 4.18 nm radius and a 2.39 nm pitch,
in agreement with the crystallographic data [16,17]. Analogously, the
nucleosomal DNA periodicity was set equal to 10.2 bp/turn. Linker
entry-exit angle was imposed to be 90, but with non-crossing linker
DNAs, as seen in electron microscopy images [18]. From 2 up to 4
nucleosomes were generated along the sequence. Nucleosome posi-
tioning and the relative free energy were evaluated as aforementioned
[6,7,14].
Short-range interactions between nucleosomes were parameterized
using the Gay–Berne potential for oblate ellipsoids [19–21]. Diﬀerent
conﬁgurations of nucleosomal arrays were generated following the
Metropolis-Monte Carlo method [22]: ﬁrst, nucleosomes are randomly
moved from their original positions; then the change in energy is
calculated. If DE < 0, then we allow the nucleosomes in the new po-
sitions. If DE > 0, we allow the change with a probability
expðDE=RT Þ. By this method, we generated a canonical ensemble of
nucleosomal arrays.
Internucleosomal distances were measured on diﬀerent statistical
thermodynamic ensembles of 5880 DNA molecules with 2, 3 and 4
nucleosomes, respectively. To mimic the eﬀects of thermal ﬂuctuations,
following Kratky and Porod [23], distances were multiplied by
½2X ð1 X ð1 expð1=X ÞÞÞ1=2, with X ¼ P=nl, where P ¼ 45 nm and
l ¼ 0:34 nm are the DNA persistence length and the helix rise, re-
spectively. Finally, n is the DNA linker length.nternucleosomal distance. (a,b) H-Tel135. (c,d) 5S-2084. Bars represent
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3.1. AFM imaging and internucleosomal distance distributions
AFM images were quantitatively characterized by the mea-
surements of the internucleosomal distances, since this pa-
rameter is directly connected with nucleosome positioning.
Nucleosomal arrays reconstituted on H-Tel135 and 5S-2084
were deposited on SPD-mica [12] after glutaraldehyde ﬁxation,
in order that the nucleosome positions on the mica surface are
the same than in solution.
Fig. 1 shows typical AFM images of nucleosomal arrays
reconstituted on H-Tel135 (Fig. 1(a)) and on 5S-2084
(Fig. 1(c)), as well as the distributions of the internucleosomal
distances relative to the whole set of molecules with 2, 3 and 4
nucleosomes (Figs. 1(b) and (d)). The two histograms are
similar, although the distribution appears to be slightly
broader in the case of H-Tel135. Therefore, the diﬀerent nu-
cleosome positioning strength of the two DNA sequencesFig. 2. Internucleosomal distance distribution histograms referring to
H-Tel135 (left) and to 5S-2084 (right). (a,b) Two nucleosomes. (c,d)
Three nucleosomes. (e,f) Four nucleosomes. Error bars reﬂect the
statistical uncertainty on the bin height and are calculated as the
square root of the number of counts [13].cannot be usefully analyzed at this level (combined histo-
grams). Since AFM permits to investigate nucleosomal arrays
at single-molecule level, data from experiments were clustered
into diﬀerent subsets depending on the number of nucleosomes
present in the arrays, i.e., all the arrays with two nucleosomes
in one subset, those with three nucleosomes in another one and
ﬁnally those with four nucleosomes in yet another. This per-
mits to test for nucleosome number dependence in the posi-
tioning features.
Fig. 2 reports the internucleosomal distance distributions,
distinguished on the basis of the number of nucleosomes. In
the case of arrays with two nucleosomes, the distributions are
markedly diﬀerent between the two DNAs. As for H-Tel135, a
maximum is clearly evident at 30 nm (Fig. 2(a)) corresponding
to the preferential spacing of about 55 bp (taking into account
the nucleosome width equal to 11 nm). In the case of 5S-2084,
the histogram is characterized by a bimodal distribution with
two maxima at 30 and 65 nm, corresponding to about 55 and
160 bp, respectively (Fig. 2(b)).
The internucleosomal distance distributions for molecules
having 3 and 4 nucleosomes are similar in both the cases: the
more represented values are 30 and 20 nm for H-Tel135 (Figs.
2(c) and (e)), 35 and 30 nm for 5S-2084, respectively (Figs. 2(d)
and (f)). As expected, increasing the nucleosome number, the
average internucleosomal distance decreases. However, given a
certain number of nucleosomes, the more frequent distance is
always shorter for telomeric arrays. This is more noticeable in
the case of four nucleosomes. It can be related to the unusual
short nucleosomal repeat of the telomeric chromatin, which
allows nucleosomes to come closer to each other, without be-
ing penalized by unfavorable nucleosome positioning.
3.2. Theoretical evaluation of internucleosomal distances
frequency distributions
We recently developed a theoretical method, based on se-
quence-dependent DNA curvature and ﬂexibility, which allows
the quantitative prediction of nucleosome positioning [6,7].
Fig. 3 reports the corresponding proﬁles for H-Tel135 and 5S-
2084, respectively. The one relative to H-Tel135 is characterizedFig. 3. Theoretical nucleosome dyad axis positioning on H-Tel135 (a)
and on 5S-2084 (b). The minima correspond to the energetically most
favored nucleosome dyad axis positions. The inset is to put in evidence
that the nucleosome positioning proﬁle has the same periodicity (6 bp)
as that of the human telomeric DNA repeat (TTAGGG).
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axis, spaced every 6 bp (Fig. 3(a)), in agreement with the
previous experimental results [5]. On the contrary, the theo-
retical proﬁle relative to 5S-2084 DNA (Fig. 3(b)) shows three
free-energy minima, each consisting of a number of quasi
equivalent energy positions, rotationally oriented in phase with
the B-DNA periodicity. It is worth noting that nucleosome
positions on a multimer are not the mere reproduction of those
found on the monomer, since new positions emerge from the
head-to-tail regions. The theoretical sequence-dependent nu-
cleosome positioning is the more important constraint adopted
in Monte Carlo simulations (see Section 2) to discriminate
between the nucleosomal distributions of the two studied
DNAs on the basis of their sequences. The two other con-
straints, namely short-range nucleosome–nucleosome interac-
tions, modeled by the Gay–Berne potential, and DNAFig. 4. Comparison between the experimental and the theoretical
proﬁles of the internucleosomal distances referring to H-Tel135 (left)
and to 5S-2084 (right). (a,b) Two nucleosomes. (c,d) Three nucleo-
somes. (e,f) Four nucleosomes. Error bars reﬂect the statistical un-
certainty on the bin height and are calculated as the square root of the
number of counts [13].ﬂexibility, following Porod and Kratky, are not sequence de-
pendent and are equal between the two DNAs.
Monte Carlo simulations were performed by sorting the
molecules in diﬀerent classes, depending on the number of
nucleosomes (as in the case of experimental data in Fig. 2), and
collecting ensembles of about 5880 molecules for each class.
Fig. 4 shows the comparison between the experimental and the
theoretical internucleosomal distance distributions. Experi-
mental data and theoretical predictions are, generally, in sat-
isfactory agreement. A signiﬁcant discrepancy is observed only
for telomeric arrays containing two nucleosomes (Fig. 4(a)),
where the experimental internucleosomal distance distribution
(characterized by a maximum at 30 nm) is considerably nar-
rower than the theoretical broad proﬁle. In the corresponding
case for 5S-2084, both experimental and theoretical proﬁles are
characterized by two maxima at about the same positions,
although with diﬀerent frequencies. These ﬁndings strongly
suggest the involvement of determinants diﬀerent from nucle-
osome positioning in the organization of subsaturated nucle-
osomal arrays. In addition, these parameters seem to be more
important in the case of telomeres.4. Discussion
Whereas the role of DNA sequence in nucleosome stability
and positioning has been extensively studied, less is known
about the relevance of sequence-dependent features in the as-
sembly of nucleosomal arrays. Their properties have been of-
ten investigated using oligonucleosomes reconstituted on
tandem repeats of 5S rDNA, a well-known strong nucleosome
positioning sequence used as model system [24].
Despite its important role in chromosome building, telo-
meric nucleosome organization has not been fully clariﬁed.
This partially derives from the diﬃculty with analyzing telo-
meric polynucleosomal systems, which are characterized by the
absence of positioning signals.
In this work, we have taken advantage of AFM ability to
investigate the organization of nucleosomal arrays at single-
molecule level and discriminate the level of saturation of the
potential nucleosome binding sites. Telomeric nucleosomal
arrays have been compared with those reconstituted on 5S
rDNA tetramers with the same length. Similar internucleoso-
mal distance distributions were obtained, except for those ar-
rays which contain two nucleosomes. Whereas the proﬁle
relative to H-Tel135 is characterized by a maximum at 30 nm,
in the case of 5S-2084, the internucleosomal distance distri-
bution is bimodal with two maxima at 30 and 65 nm.
We have performed Monte Carlo simulations to connect the
internucleosomal distance distributions to the sequence-de-
pendent nucleosome positioning. The agreement between the-
oretical and experimental data is quite satisfactory, except in
the case of telomeric arrays containing two nucleosomes
(Fig. 4(a)). Since nucleosomes are positioned with equal
probability every 6 bp (Fig. 3(a)) [5], the theoretical probability
of having a certain internucleosomal distance is approximately
proportional to the number of available conﬁgurations with
two nucleosomal binding sites at that distance; this eventually
results to be in inverse proportion to the distance itself.
Therefore, the theoretical proﬁle is characterized by a broad
proﬁle. On the contrary, the experimental distance distribution
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discrepancy suggests that sequence-dependent nucleosome
positioning is not the only determinant in the assembly of
nucleosomal arrays. As recently reported [16,25,26], interac-
tions between adjacent nucleosomes due to the histone tails,
which span about 20–30 bp, as well as DNA ﬂexibility could be
involved in determining the linker DNA length.
We suggest that, in our experiments, equilibration on mica
does not inﬂuence the nucleosome positions on DNA, but
opens the dinucleosome structure. As a result, the internucle-
osomal distances increase to about 55 bp. The main reason
should be the stiﬀening of the adsorbed linker DNAs with
respect to those in solution, due to the dimensional reduction
of the DNA dynamics on the mica surface [27,28].
In the case of 5S-2084 DNA arrays containing two nucleo-
somes, nucleosome positioning signals appear prevalent.
Therefore, the role of internucleosomal interactions in non-
saturated chromatin organization seems more important if
strong positioning signals are lacking. Obviously, internucle-
osome interactions should be involved also in the organization
of arrays containing three and four nucleosomes. However, in
these cases, their inﬂuence is masked by the progressive ﬁlling
of the potential nucleosome binding sites.
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